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Abstract 
 
 NIR spectroscopy has been applied to the study water in the interlayer of the 
autunite minerals. The spectra of autunites and metaautunites in the first HOH 
fundamental overtone are different and the spectra of autunites of different origins in 
the 6000 to 7500 cm-1 region are considerably different.  A number of conclusions are 
made based upon the NIR spectra: (a) The spectra of different autunites are different 
in the NIR spectral region (b) the spectra of metaautunites show similarity (c) the 
spectra of metaautunites are different from that of autunites.  NIR spectroscopy 
provides a method of determination of the structure of water in the interlayer of 
natural autunites.   The implication from the variation in the NIR spectra is that the 
structural arrangement of water for different autunites is different and is sample 
dependent. NIR spectroscopy has a wide potential for the study of the autunite 
minerals.  
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Introduction 
 
 The chemistry of uranium is important for the solution of environmental 
problems; for example the remediation of contaminated sites and the restoration of 
soils. Often a rapid technique for the identification of these minerals is required.  
Vibrational spectroscopy offers a multitude of techniques and near-IR is one method 
for these analyses [1-3]. This technique has the advantages of rapidity and remote 
sensing.  Secondly there is no sample preparation. Thirdly minerals may be 
‘borrowed’ from museums and analysed non-destructively. The addition of 
phosphates to the contaminated site has been proposed as a method for the 
immobilisation of uranium and other radionuclides.  As such the possibility arises for 
the formation of minerals such as the uranyl micas. Uranyl phosphates and arsenates 
form one of the largest and most widespread groups of uranium minerals [4]. The 
minerals are known as autunites or uranyl micas. The autunite group of minerals are 
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tetragonal uranyl arsenates and phosphates. The minerals have a general formula 
M(UO2)2(XO4)2.8-12H2O where M may be Ba, Ca, Cu, Fe2+, Mg, Mn2+ or ½(HAl) 
and X is As, or P.  Autunites are common minerals, yet have not been studied in terms 
of Near-IR spectroscopy. The minerals have a characteristic layer-like structure [5],[6, 
7]. Uranium is bound in uranyl-phosphate layers. The cations and water are located in 
the interlayer. The mineral autunite has the formula Ca[(UO2)2(PO4)]2.11(H2O) [5] . 
Autunite structure has been solved [5].  Yet because rapid dehydration in air, the 
details of its symmetry and structure of the dehydration products are uncertain.  The 
structure contains the well-known autunite type sheet with composition [(UO2)(PO4)] 
[8], resulting from the sharing of equatorial vertices of the uranyl square bipyramids 
with the phosphate tetrahedra [9]. The calcium atom in the interlayer is coordinated 
by seven H2O groups and two longer distances to uranyl apical O atoms. Two 
symmetric independent H2O groups are held in the structure only by hydrogen 
bonding [5]. 
 
 ejka et al. has reported the infrared spectroscopy of many uranyl minerals [7, 
10-12] . ejka stated that the free uranyl ion (UO2)2+ with point symmetry Dh should 
exhibit three fundamental modes symmetric stretching vibration 1, bending vibration 
2 and the antisymmetric stretching vibration 3.  The bending mode is doubly 
degenerate since it can occur in two mutually independent planes [10].  Hence the 
linear uranyl group has four normal vibrations but only three fundamentals.  
Interestingly enough the infrared spectra of the OH stretching region of autunites has 
not been reported as much as the UO and PO4 or AsO4 stretching region.  Farmer 
reported the infrared spectra of the OH stretching region of some selected uranyl 
phosphates and arsenates [13].  Infrared bands were reported for autunite at 3435 and 
2935 cm-1, for torbernite at 3570, 3430 and 2940 cm-1 and for metazeunerite at 3430 
cm-1.   Variation in the position of the water HOH bending mode was also reported.  
The significance of these results rests with the variation of the structure of water 
between the autunite layers.  Water may be as water of hydration of the particular 
cation in the uranyl phosphate or uranyl arsenate interlayer, hydrogen bonded water or 
zeolitic water. Infrared spectroscopy and Near-IR spectroscopy is an invaluable tool 
for the analysis of the water in autunites. Here we report the NIR and IR spectroscopy 
of selected autunites.    
 
Experimental 
 
Minerals 
 
The minerals used in this research and their origin are shown in Table 1.  Many of the 
minerals used in this study are Type minerals have been analysed by X-ray diffraction 
for phase identification and selected minerals have been analysed by electron probe 
analysis for composition.  
Infrared and Near-infrared spectroscopy (NIR) 
 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer 
with a smart endurance single bounce diamond ATR cell.  Spectra over the 4000 to 
525 cm-1 range were obtained by the co-addition of 64 scans with a resolution of 4 
cm-1 and a mirror velocity of 0.6329 cm/s. Near IR spectra were collected on a 
Nicolet Nexus FT-IR spectrometer with a Nicolet Near-IR Fibreport accessory.  A 
white light source was used, with a quartz beam splitter and TEC NIR InGaAs 
detector.  Spectra were obtained from 11 000 to 4000 cm-1 by the co-addition of 64 
scans at a resolution of 8cm-1. A mirror velocity of 1.2659 was used.  The spectra 
were transformed using the Kubelka-Munk algorithm to provide spectra for 
comparison with absorption spectra.  
 
Spectral manipulation such as baseline adjustment, smoothing and 
normalisation were performed using the Spectracalc software package GRAMS 
(Galactic Industries Corporation, NH, USA). Band component analysis was 
undertaken using the Jandel ‘Peakfit’ software package which enabled the type of 
fitting function to be selected and allows specific parameters to be fixed or varied 
accordingly. Band fitting was done using a Lorentz-Gauss cross-product function with 
the minimum number of component bands used for the fitting process. The Gauss-
Lorentz ratio was maintained at values greater than 0.7 and fitting was undertaken 
until reproducible results were obtained with squared correlations of r2 greater than 
0.995.  
 
Results and discussion 
 
 The Near–IR spectral regions may be conveniently divided into three regions 
(a) the high wavenumber region between 6400 and 7400 cm-1 attributed to the first 
overtone of the fundamental hydroxyl stretching mode (b) the 4800-5400 cm-1 region 
attributed to water combination modes of the hydroxyl fundamentals of water, and (c) 
the 4000-4800 cm-1 region attributed to the combination of the stretching and 
deformation modes of the autunites.   The NIR spectra in the 5800 to 7600 cm-1 region 
of autunites and metautunites are reported in Figures 1 and 2 respectively.  The results 
of the band component analyses of the NIR spectra and the hydroxyl stretching region 
in the MidIR are reported in Table 2.  The high wavenumber region represents the 
first overtone of the hydroxyl fundamental.  The bands in the water HOH stretching 
region combine or double to provide the bands in this spectral region. A number of 
conclusions may be made from the spectra shown in Figures 1 and 2. (a) The spectra 
of autunites are different in this spectral region (b) the spectra of metaautunites show 
similarity (c) the spectra of metautunites is different from that of autunites.  The use 
of NIR provides methodology for determining the hydration of autunites.   
 
 NIR bands in the 5800 to 7500 cm-1 region are observed for the autunite from 
Mt. Painter at 7072, 7000, 6784 and 6664 cm-1.  The NIR spectral profile for the 
autunite from Arkaroola Station is different with bands identified at 7027, 6942, 6780 
and 6332 cm-1. The NIR spectrum of the mineral from Mt Spokane is very different 
and shows bands at 7004, 6910, 6334, 6130 and 5968 cm-1.  Bands in this region arise 
from the overtones of the hydroxyl fundamentals. This fundamental can only arise 
from water in the interlayer. The implication is that the structure of the water in the 
interlayer is different for the different autunites.  
 
 The spectral profile of metaautunites of different origins more closely 
resembles each other. The NIR spectrum in the 5800 to 7500 cm-1 region of the 
metaautunite from Autun shows bands at 7012, 6925, 6820 and 6353 cm-1. The bands 
for the metaautunite from Mt Spokane are observed at 7042, 6945, 6779 and 6571  
cm-1.  The bands are found in similar positions for the metaautunites but there is 
sufficient variation in band positions to say the spectral profiles for the metaautunites 
are different.  This result confirms the conclusions drawn for the autunites. The 
molecular structure of water in the interlayer of meta-autunites is different for the 
different metaautunites.  
 
 The infrared spectra of the water OH stretching region of the autunites and 
metaautunites are shown in Figures 3 and 4.  The results of the band component 
analyses are given in Table 1.  The infrared spectra of the two autunite minerals from 
the Star Brite Mine and the Mount Painter Mine are similar in overall profile. The 
spectrum of the autunite from Arkaroola Station is different. Infrared bands are 
observed for the Mount Painter autunite at 3694, 3613, 3556, 3452, 3242 and 2997 
cm-1.   Bands are observed for the Mt Brite sample at 3696, 3569, 3503, 3438, 3329, 
3230, 3151 and 2938 cm-1.   Bands are observed at 3570, 3497, 3417, 3342, 3250, 
3203 and 3048 cm-1 for the OH stretching region of the autunite from Arkaroola 
Station.  The data clearly shows the infrared spectra of the water OH stretching region 
are different for the three different minerals.  This data supports the concept that the 
arrangement and structure of the water molecules in the autunite interlayer is different 
for the different autunites.   
 
 Such a conclusion is supported by the infrared data of the water OH stretching 
region of metaautunites (Figure 4).  The spectral profile of the four metaautunites 
show strong similarity. However the intensity of the component bands is sample 
dependent.  For the metaautunite sample from the Daybreak Mine, a series of water 
OH stretching vibrations are observed at 3583, 3505, 3416, 3346, 3237, 3144 and 
2878 cm-1.  The Spokane metaautunite infrared spectrum showed bands at 3583, 
3526, 3388, 3222 and 3044 cm-1. The spectrum of the OH stretching region for the 
metaatunites from the Cunha Baixa mine shows strong resemblance to the first two 
spectra of the metaautunites from Daybreak Mine and Mt Spokane with bands 
observed at 3581, 3518, 3428, 3335, 3234, 3049, 2910 and 2761 cm-1.  The spectrum 
of the water OH stretching region of the sample from Autun shows not only the same 
spectral features but also additional bands at around 3695, 3641 and 3621 cm-1, and 
also at 2925, 2898 and 2852 cm-1.  The use of infrared spectroscopy has the advantage 
of measuring the spectra of all impurities as well as the selected mineral. These bands 
are assigned to impurities. 
 
 The infrared spectrum of the water OH combination region is shown in Figure 
5 for autunite and in Figure 6 for metaatunites.   Strong similarity exists for the NIR 
spectra of the autunites from Mount painter and Star Brite Mine in this region 4600 to 
5700 cm-1 region.  The spectrum of the Mount Painter autunite shows bands at 5295, 
5234, 5196, 5141, 5014 and 4797 cm-1.   The spectrum of the autunite from the star 
Brite Mine provides bands in similar positions at 5203, 5146, 5059 and 4826 cm-1.   
The spectrum of autunite from Arkaroola Station is different with intense bands at 
5170, 5057 and 4892 cm-1.   The spectra of metaautunites show strong similarity in 
this spectral region and are not dissimilar to that of autunites.  
 
Conclusions 
 
 Near-IR spectroscopy is a technique, which has not been previously applied to 
the study of autunites.  Indeed autunites by their very nature, being composed of 
interlayer water and hydrated cations, lend themselves to study by NIR.  NIR 
reflectance techniques have proven must useful for the analysis of autunites. Three 
Near–IR spectral regions are identified: (a) the high wavenumber region between 
6400 and 7400 cm-1 attributed to the first overtone of the hydroxyl stretching mode 
(b) the 4800-5400 cm-1 region attributed to water combination modes and (c) the 
3000-4000 cm-1 region attributed to the stretching modes of the water OH units.   
 
 The technique of near-IR spectroscopy for the study of autunites shows great 
potential for the understanding of the interactions between the water and the interlayer 
cations and the uranyl phosphate layers.  A number of conclusions may be made from 
the NIR spectra: (a) the spectra of autunites are different in the NIR spectral region 
and is sample dependent (b) the spectra of metaautunites show similarity (c) the 
spectra of metaautunites is different from that of autunites.  The use of NIR provides 
methodology for determining the hydration of autunites.  NIR spectroscopy shows 
that the hydration of the cations for autunite is different.  The structural arrangement 
of water in the autunite interlayer is sample dependent and is different for different 
autunites.  
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Table 1 Table of autunite minerals and their origin 
 
Mineral Number Location 
D35214 Mount Painter, Flinders Ranges, SA 
M42016 Arkaroola Station, Mt. Painter, 
Flinders Ranges, SA 
Autunite 
 
M27677 Star Brite Mine, Mt. Spokane, 
Washington 
Min. Res. 
Co. 
Daybreak Mine, Mt. Spokane, 
Washington  
D47249 Mt. Spokane, Washington 
M27680 Autun, France 
Metaautunite 
M46683 Cunha Baixa mine, Beira Alta 
Province, Portugal 
 
Table 2 Table of the NIR spectroscopic results 
 
Autunite Metaautunite 
D35214 M42016 M27677 
 
Min. Res. 
Co. 
D47249 M27680 M46683 
Mount 
Painter 
Arkaroola 
Station 
Mt. Spokane Daybreak 
Mine 
Mt. Spokane Autun, 
France 
Beira Alta 
Band Centre 
(cm-1) / 
Intensity 
(%) 
Band Centre 
(cm-1) / 
Intensity 
(%) 
Band Centre 
(cm-1) / 
Intensity 
(%) 
Band Centre 
(cm-1) / 
Intensity 
(%) 
Band Centre 
(cm-1) / 
Intensity 
(%) 
Band Centre 
(cm-1) / 
Intensity 
(%) 
Band Centre 
(cm-1) / 
Intensity 
(%) 
8612 / 1.08 
8477 / 1.99 
 
 9853 / 8.78 
8937 / 5.53 
8686 / 18.11 
8370 / 4.71 
8945 / 0.20 
8555 / 0.63 
8488 / 2.87 
7303 / 5.23 
7360 / 1.62 
 
8541 / 1.22 
7346 / 4.31 
 
8493 / 2.60 
7315 / 3.52 
 
7072 / 7.27 
7000 / 26.54 
6784 / 10.14 
6664 / 5.50 
 
7027 / 2.28 
6942 / 4.17 
6780 / 21.19 
6332 / 2.29 
 
7004 / 3.11 
6910 / 3.10 
6334 / 8.91 
6130 / 9.77 
5968 / 0.53 
7023 / 14.29 
6912 / 8.21 
6781 / 9.74 
6722 / 17.90 
6280 / 3.35 
7042 / 7.92 
6945 / 14.06 
6779 / 9.51 
6571 / 3.30 
 
7012 / 14.68 
6925 / 2.77 
6820 / 29.38 
6353 / 2.47 
6986 / 20.83 
6768 / 17.54 
6445 / 3.69 
 
5702 / 0.32 
5631 / 0.61 
5558 / 0.13 
  5594 / 0.82 
 
 5599 / 0.90 
 
5594 / 0.34 
 
5295 / 1.99 
5234 / 14.32 
5196 / 6.99 
5141 / 10.62 
5014 / 11.46 
4797 / 1.05 
5290 / 1.72 
5204 / 5.45 
5170 / 18.60 
5057 / 30.97 
4892 / 13.34 
 
5203 / 15.44 
5146 / 10.06 
5059 / 10.92 
4826 / 1.02 
 
5290 / 3.31 
5221 / 7.66 
5161 / 12.40 
5051 / 11.64 
4828 / 1.76 
 
5269 / 4.09 
5205 / 15.15 
5143 / 19.52 
5051 / 23.20 
4869 / 1.30 
4778 / 0.32 
5274 / 3.97 
5206 / 16.19 
5142 / 10.23 
5045 / 12.33 
4840 / 1.55 
 
5214 / 2.93 
5185 / 1.33 
5172 / 37.93 
5039 / 4.41 
4949 / 4.07 
4809 / 0.70 
4533 / 0.11 
3694 / 0.19 
3613 / 2.39 
3556 / 7.59 
 
3570 / 5.49 
 
3696 / 0.16 
3569 / 14.69 
3503 / 5.05 
 
3583 / 3.96 
3505 / 30.67 
3696 / 0.30 
3583 / 4.22 
3526 / 20.68 
3695 / 0.77 
3641 / 3.21 
3621 / 0.30 
 
3581 / 8.73 
3518 / 10.50 
3452 / 31.96 
3242 / 47.84 
2997 / 8.35 
2886 / 0.31 
2825 / 0.78 
2758 / 0.60 
 
3497 / 5.07 
3417 / 26.63 
3342 / 4.36 
3250 / 12.75 
3203 / 26.96 
3048 / 18.74 
 
3438 / 22.69 
3329 / 23.01 
3230 / 10.16 
3151 / 17.21 
3033 / 0.98 
2938 / 5.63 
2921 / 0.24 
2851 / 0.17 
 
3416 / 7.61 
3346 / 15.11 
3237 / 20.67 
3144 / 20.23 
2878 / 1.74 
 
3388 / 34.50 
3222 / 27.65 
3044 / 12.65 
 
3575 / 3.51 
3510 / 4.49 
3416 / 45.42 
3221 / 33.54 
3041 / 4.33 
2956 / 0.12 
2924 / 0.46 
2898 / 3.70 
2852 / 0.14 
 
3428 / 23.00 
3335 / 5.48 
3234 / 38.09 
3049 / 6.61 
2910 / 5.78 
2761 / 1.81 
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Figure 1 NIR spectra in the first OH fundamental overtone of autunites from Mount Painter, Arkaroola Station, and Star Brite Mine. 
 
Figure 2 NIR spectra in the first OH fundamental overtone of metaautunites from day Break Mine, Mt. Spokane, Autun, Cunha Baixa 
Mine. 
 
Figure 3 NIR spectra in the water OH stretching region of autunites from Mount Painter, Arkaroola Station, and Star Brite Mine. 
 
Figure 4 NIR spectra in the water OH stretching region of metaautunites from day Break Mine, Mt. Spokane, Autun, Cunha Baixa 
Mine. 
 
Figure 5 NIR spectra in the water OH combination region of autunites from Mount Painter, Arkaroola Station, and Star Brite Mine. 
 
Figure 6 NIR spectra in the water OH combination region of metaautunites from day Break Mine, Mt. Spokane, Autun, Cunha Baixa 
Mine. 
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